Study Objectives: We hypothesize that extremes of sleep duration are associated with elevated C-reactive protein (CRP), a pro-inflammatory marker for cardiovascular disease risk. Design: Cross-sectional. Setting: Population-based research. Participants: Nationally representative sample of 2007-2008 National Health and Nutrition Examination Survey participants (n = 5,587 adults). Interventions: None.
INTRODUCTION
The recognition of increased population prevalence of insufficient sleep duration 1 has led to efforts to address this public health issue. 2, 3 Evidence of a pro-inflammatory role for sleep loss, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and the consequential cardiovascular consequences, [15] [16] [17] is being discovered. Recently, clinical observational and experimental sleep deprivation studies have shown an association between sleep loss and pro-inflammatory processes that promote the development of atherosclerotic plaques. 4, 11 C-reactive protein (CRP), a systemic marker of chronic, low-grade inflammation, 18 is associated with sleep duration. Laboratory studies have shown that elevated CRP results from acute sleep deprivation. Epidemiologic studies have found that short 10, 14, 19 and/or long 20, 21 (extreme) sleep durations are associated with elevated CRP.
Despite these findings, the literature linking CRP to sleep duration is inconsistent. In addition to a number of studies with positive findings (mentioned previously), a number of studies have found either conflicting or negative results. 13, 22, 23 Some important limitations of these studies may explain these inconsistencies.
First, there is a strong floor effect for CRP levels in the general population. Although this can be modeled using data transformations, it still reduces variability and limits statistical power. Previous studies have detected a range of levels in relatively large samples, 24 although these samples are often selected for being at higher than normal risk of cardiovascular disease (CVD). Categorizing respondents as having had a recent cardiac event yields tertiles of CRP levels reflecting positive (protected), normal, and elevated risk of cardiometabolic disease that are not representative of a general population with a lower rate of morbidity or predisease states. 25 Similarly tertiled values from a sample of the general population may be lower and may not yield such useful categories for subsequent cardiovascular event prediction. Second, CRP levels and relationships between CRP and health outcomes are known to vary by sex and race/ ethnicity. 26, 27 Despite this, very few studies of sleep duration and CRP have explored interactions with these demographic factors or have had the statistical power to evaluate them. Third, many studies evaluate sleep duration groups that combine a number of possible durations (e.g., short sleepers represented as < 6 h in many cases). They are rarely powered to detect effects at greater extremes of sleep duration. In summary, the inconsistencies present in the literature may be due to a lack of statistical power and/or analysis strategies that do not take into account important confounders such as sex and/or race/ethnicity. Significant race and sex differences exist in the population distribution of CRP, 10, [26] [27] [28] which may contribute to CVD disparities. Accordingly, the current study examines the independent association between sleep duration and CRP levels in a nationally representative U.S. adult sample, considering the effects of several known confounders. It also examines whether this relationship depends on sex and/or race/ethnicity. The hypotheses for the study were that: (1) CRP is positively associated with short and long sleep duration; (2) the relationship between sleep duration and CRP is different for men and women; and (3) the relationship between sleep duration and CRP depends on race/ethnicity.
METHODS

Data Source
The participants in this study were respondents of the 2007-2008 National Health and Nutrition Examination Survey (NHANES), a national survey conducted by the Centers for Disease Control and Prevention, reporting the health and nutritional characteristics of children and adults. 29 Detailed description of the NHANES methods have been previously described, and can be found by accessing the surveys, manuals, and procedures on the NHANES website (http://www.cdc.gov/ nchs/nhanes). For example, the CRP laboratory manual is available. 30 In brief, participants were administered questionnaires assessing demographic, socioeconomic, nutritional, health, and other domains, during in-person interviews conducted in the home. Additionally, physical examinations were performed in mobile medical facilities to collect medical and physiologic data; additional laboratory tests were also performed from blood and urine samples collected on site. To compensate for underrepresentation, African Americans, Hispanics, and adults older than 60 years were oversampled. 29 The NHANES is representative by design. Sampling in this survey was performed to ensure generalizability to the entire population across all ages. Given the complexity of the survey design coupled with variable probabilities of selection, the data used in the following analyses were also weighted to control for representativeness by following the procedures outlined in the current NHANES Analytic and Reporting Guidelines. 31 For the current study, analyses included adults ages 18-80+ years (mean = 49.3, standard deviation = 18.6) with complete data on all independent and dependent variables (n = 5,587). All respondents provided informed consent. Consent forms are available online (http://www.cdc.gov/nchs/nhanes/nhanes2007-2008/ current_nhanes_07_08.htm).
Measures
C-Reactive Protein
Detailed specimen collection and processing instructions are discussed in the NHANES Laboratory/Medical Technologists Procedures Manual. 30 This method quantified CRP (hsCRP) by latex-enhanced nephelometry. Particle-enhanced assays were based on the reaction between a soluble analyte and the corresponding antigen or antibody bound to polystyrene particles. For the quantification of CRP, particles consisting of a polystyrene core and a hydrophilic shell were used to link anti-CRP antibodies covalently. A dilute solution of test sample was mixed with latex particles coated with mouse monoclonal anti-CRP antibodies. CRP present in the test sample forms an antigen antibody complex with the latex particles. An automatic blank subtraction was performed. CRP concentrations were calculated by using a calibration curve. Data reduction of the signals was performed by using a storable logit-log function for the calibration curve-performed data reduction of the signals. These assays were performed on a Behring Nephelometer for quantitative CRP determination (Siemens Heathcare Diagnostics, Inc. New Castle, DE). The lower detectable limit was 0.02. For the purposes of analysis, CRP was assessed as a continuous variable, log-transformed, and as a binary variable (top 5% relative to bottom 95%).
Sleep Duration
Sleep duration was assessed with the survey item, "How much sleep do you usually get at night on weekdays or workdays?" Responses were coded in whole numbers.
Sleep Disorders
Insomnia and sleep apnea were assessed symptomatically and by history of diagnosis. Difficulty falling asleep (hallmark symptom of insomnia) was assessed with the item, "In the past month, how often did you have trouble falling asleep?" Responses were categorized as, "Never," "Rarely (one time a month)," "Sometimes (two to four times a month)," "Often (five to 15 times a month)," and "Almost Always (16-30 times a month)." Responses were dichotomized as either representing a current problem ("Often" or "Almost Always") or not. Snorting and/or gasping (hallmark symptom of sleep apnea) was assessed with, "In the past 12 months, how often did you snort, gasp, or stop breathing while you were asleep?" Responses were categorized as "Never," "Rarely (1-2 nights/ week)," "Occasionally (3-4 nights/week)," or "Frequently (5 or more nights/week)." Responses were diagnosed as either representing a likely clinical problem ("Occasionally" or "Frequently") or not. Previous diagnosis of insomnia and/or sleep apnea was assessed with the question, "Have you ever been told by a doctor or other health professional that you have a sleep disorder?" If yes, they were asked, "What was the sleep disorder?" Options included "Insomnia" or "Sleep Apnea" (used for the current analyses), as well as "Restless Legs Syndrome" or "Other."
Covariates
The following variables were chosen as covariates: sex, age, race/ethnicity (non-Hispanic white, Black/African-American, Hispanic/Latino, and Asian/Other), and body mass index (BMI), measured objectively as part of the NHANES physical examination. These covariates were chosen because they have been used previously to study the relationship between sleep duration and CRP. 21 Extreme Sleep Duration and CRP-Grandner et al
Health Status
Because CRP levels are inflated in individuals with certain medical conditions or active illness, the following were also assessed as part of the NHANES interview (yes/no): history of diabetes, current treatment for diabetes, history of hypertension, current treatment for hypertension, hypercholesterolemia, current treatment for hypercholesterolemia, heart failure, coronary artery disease, cancer, chronic kidney disease, rheumatoid arthritis, and gastrointestinal and viral illness. Smoking status was also assessed by self-report (any smoking in the past 30 days), as was alcohol use (number of days consumed alcohol in the past year).
Statistical Analyses
CRP levels were operationalized as either continuous (mg/ dL, log-transformed) or categorical (top 5% versus bottom 95%) in different models. The top 5% represented the subpopulation with clinically relevant elevated CRP (> 1.4 mg/dL). Sleep duration was also assessed both continuously (hours of nightly sleep) and categorically (< 5, 5, 6, 7, 8, 9 , > 9 h). This resulted in four sets of analyses: (1) continuous CRP relative to continuous sleep duration; (2) continuous CRP relative to categorical sleep duration; (3) categorical CRP relative to continuous sleep duration; and (4) categorical CRP relative to categorical sleep duration. This allows for analysis of linear and nonlinear relationships.
The nonlinear effects of continuous sleep duration on continuous CRP were modeled using polynomial regression with terms for linear and squared sleep duration. A two-degree polynomial was chosen due to the parabolic nature of the relationship of CRP to sleep duration. Relationships between CRP and categorical sleep duration were modeled using multinomial linear regression to examine how mean log CRP levels change across sleep duration categories relative to normative sleepers (7 h).
High CRP (binary) was defined as having a CRP value greater than the 95 th percentile, which was 1.42 mg/dL. The nonlinear effects of continuous sleep duration on binary CRP were modeled using logistic regression with terms for linear and squared sleep duration. Categorical sleep duration was modeled using logistic regression to examine how odds of having a high CRP level change across sleep duration categories, relative to the proportion among normative-duration sleepers (7 h). A reference group of 7 h (instead of 7-8 h or 8 h) was chosen for four reasons: (1) the largest controlled population study of sleep duration associated with mortality risk found that the lowest risk group was 7-h sleepers; (2) the lowest levels of CRP were found among 7-h sleepers; (3) 7 h was the most common sleep duration category; and (4) this allows for an equal number of groups on either side of the reference group for analyses of Ushaped associations.
All analyses were conducted for the overall sample, as well as stratified by sex and race/ethnicity, because of the wellestablished sex differences in the role of CRP levels in health outcomes. All analyses were conducted hierarchically by including additional covariates in each subsequent model of CRP and sleep duration. Model 1 was unadjusted for covariates. Model 2 included the covariates of age, race, sex, BMI, and BMI squared (BMI 2 ). Model 3 included Model 2 covariates and measures of insomnia and sleep apnea described previously. Model 4 included Model 3 covariates and health status covariates (described previously). Interactions with race/ethnicity were explored in Models 2, 3, and 4, because previous studies have shown differential levels of CRP relative to race/ethnicity. Because an almost unlimited number of factors could potentially increase CRP, it is unlikely that any model could fully account for these. Further, adding many covariates introduces the problem of compounded measurement error, especially for selfreported measures. In addition, many of those factors that are associated with elevated CRP could be at least partially a consequence of changes in sleep, including these as covariates and then examining the unique variance explained by sleep leads to a situation of overcontrolling. An overcontrolled model underestimates the effects of the outcome of interest (in this case, sleep duration). For the current paper, Model 4 was specifically meant as an over-controlled model. This model is included for the sake of introducing a maximally conservative approach that likely underestimates the effects associated with sleep (not a fully-adjusted model that simply accounts for confounders). Therefore, the results of Model 4 should be interpreted with appropriate caution.
As a validity check, all analyses were re-run excluding the six individuals with CRP levels > 10 mg/dL, a level suggestive of active infection rather than chronic low-grade inflammation. Also, all analyses were re-run to include pregnancy status as a covariate. This did not affect any results (all statistically significant or nonsignificant results remained so, and effect sizes did not change appreciably), thus reported results include these individuals.
RESULTS
Sample Characteristics
Characteristics of the sample are reported in Table 1 . Sex was differentially distributed across sleep duration categories, with the lowest percentage of females among the 7-h sleepers and the highest among > 9 h sleepers. Race/ethnicity was also differentially distributed, with the greatest proportion of nonwhite respondents among the < 5-h and 5-h sleepers. Characteristics are also reported for the stratified sample, separate for men (Table S1 ) and women (Table S2) .
Sleep Duration Associated With Log CRP
Results from regression analyses for categorical sleep duration are displayed in Table 2 . In the unadjusted model (Model 1), the shortest (< 5 h) and longest (> 9 h) sleep durations were associated with higher log CRP, and this pattern was maintained in Model 2, which included adjustment for age, sex, race/ethnicity, BMI, and BMI 2 . In Model 3, which included diagnosis and symptoms of insomnia and sleep apnea, only the relationship with long sleep remained significant, and this was maintained in Model 4, the overcontrolled model that included health status covariates. When men were considered separately, for < 5-h sleepers, elevated CRP was observed in Models 1 and 2; for > 9-h sleepers, elevated CRP was present in all models. Among women, for < 5-h sleepers, elevated CRP was only significant in Model 1; for > 9-h sleepers, elevated CRP was observed in all models.
When modeled using polynomial terms, both linear and squared terms were significantly associated with log CRP in all models in the complete sample and in men, when assessed separately. For women, these terms were significant in Models 1 and 2 only. These results are displayed in Table S3 .
The relationships between continuous CRP and sleep duration for categorical analyses are displayed graphically in Figure 1 . Data displayed reflect the complete sample, men and women for Model 1 versus Model 3. Table S4 depicts polynomial regression results for binary log CRP. The linear term was significant in Model 1 only for the complete sample, and Models 1 and 2 for men (not for women).
Sleep Duration Associated With Binary CRP
The squared term was significant in Model 1 and for the overall sample, and Models 1, 2, and 3 for men (not for women). Table S5 depicts relationships between high CRP and categorical sleep duration. In the complete sample, < 5-h sleepers were more likely to have high CRP levels in Model 1 only, whereas the > 9-h sleepers were more likely to have high CRP levels in all models. This pattern was similar in men, where high CRP was more common among < 5-h sleepers in Models 1 and 2, and for > 9-h sleepers in all models. No relationships were significant among women.
The relationships between categorical CRP and sleep duration, for both categorical and polynomial sleep duration analyses, are displayed graphically in Figure S1 . Data displayed reflect the complete sample, men and women for Model 1 versus Model 3. 
Interactions With Race/Ethnicity
The relationship between continuous CRP and sleep duration depended on race/ethnicity. Significant interactions were demonstrated in the complete sample, men and women for Model 2 (P interaction = 0.003, < 0.001, and < 0.001, respectively), Model 3 (P interaction = 0.003, < 0.001, and < 0.001, respectively), and Model 4 (P interaction = 0.028, < 0.001, and < 0.001, respectively). Figure 2 depicts the nature of this interaction for both Models 2 and 3, for the complete sample, men separately, and women separately.
In Model 2, among non-Hispanic white respondents, elevated CRP was observed in < 5-h and > 9-h sleepers. Among black/African American respondents, elevations were observed among < 5 and 8-h sleepers. Among Hispanic/Latino respondents, elevated CRP was observed in > 9-h sleepers only. Finally, among Asian/Other respondents, elevated CRP was observed in > 9-h sleepers, and lower CRP was observed in 5-and 6-h sleepers, relative to 7-h sleepers. With the addition of insomnia and sleep apnea covariates (Model 3), some of these relationships were changed. Among non-Hispanic white respondents, for example, elevated CRP was observed only in > 9-h sleepers. The black/African American group still showed elevations among < 5-h sleepers and 8-h sleepers. No elevations were observed in Hispanic/Latino respondents. Among Asian/Other respondents, lower CRP was seen in 5-and 6-h sleepers.
Among men, in Model 2, the non-Hispanic white group demonstrated elevated CRP in < 5-h and > 9-h sleepers; in Model 3, only the > 9-h sleepers showed increased CRP. The black/ African American group demonstrated elevated CRP in < 5-h sleepers in both Model 2 and Model 3. The Hispanic/Latino group did not show any elevations in either Model. Asian/Other respondents showed elevated CRP among 9-and > 9 h sleepers in both Model 2 and Model 3, with decreased CRP seen among 6-h sleepers in Model 3.
Among women, the non-Hispanic white group showed elevated CRP at > 9 h in Models 2 and 3. Hispanic/Latino and black/African-American women did not demonstrate elevations in CRP at any sleep duration in either model. Asian/Other respondents demonstrated elevated CRP among > 9-h sleepers in Model 2 and Model 3, with lower CRP found among 5-, 6-, and 9-h sleepers in Model 2 and 6-h sleepers in Model 3.
Because the Asian/Other group demonstrated a pattern that is most different from the other groups, interaction terms were reassessed (post hoc), including data from only the non-Hispanic white, black/African-American, and Hispanic/Latino groups. These analyses demonstrated that the significant interactions that were observed were driven by the Asian/Other group.
DISCUSSION
The current study examined the relationship between CRP and habitual sleep duration in a large, nationally representative, and diverse sample of adult men and women age 18-80+ years. Significant sleep*sex and sleep*race/ethnicity interactions were observed; thus, analyses were performed on the entire sample and stratified by sex and by race/ethnicity. Overall, elevated CRP was consistently found to be elevated among long sleepers (> 9 h) after adjusting for demographics, socioeconomics, BMI, insomnia, sleep apnea, smoking, alcohol use, medications, and comorbidities. CRP was also elevated among very short sleepers (< 5 h), although these were often not significant in models adjusting for sleep and medical comorbidities. Previous literature investigating the association between sleep duration and sleep disturbance and CRP by race/ethnicity group are scarce, and many previous studies are limited with regards to racial and ethnic diversity and overall power to measure these differences. 22 14,32 The current study modeled the relationship between CRP levels and sleep duration both continuously and categorically. No previous studies have taken this approach. The benefit of a continuous analysis is that even if individual sleep duration categories do not significantly differ from the reference group, the shape of the distribution can be described using linear and squared terms. In the current study, a U shape was found for both men and women, in unadjusted models, models adjusted for typical covariates, and models that also included sleep disorders. In the case of the overcontrolled model, the U shape was found for the overall sample, although when the sample was stratified based on sex, this was seen only in men; in women, a positive linear relationship was found. Because the long sleep finding is most robust, the relationship between CRP and sleep duration may be best characterized as J-shaped (rather than Ushaped). This characterization is supported by examination of the categorical sleep duration analyses. In this case, the longest sleep duration category was associated with elevations in CRP among the overall sample and both men and women in all models; the shortest sleep duration category, on the other hand, was associated with elevated CRP, but only in models that included typical covariates (and among women only in the unadjusted model).
Differences Among Men and Women
Among women, our findings suggest a significant association between long sleep duration and CRP in linear regression models adjusted for demographics, BMI, and sleep disorders (Table 2, Figure 1 , Figure S1 ). Among men, a nonlinear association between sleep duration and CRP was demonstrated (Table  S3) , suggesting evidence of a J-shaped association (Figure 1 , Figure S1 ). In the categorical sleep duration analysis among men, a significant association was observed between long sleep and CRP (Table 2) .
This study provides evidence of a linear association among women such that longer sleep is significantly associated with increased CRP, which is consistent with previous literature on sleep and inflammation. 21, [32] [33] [34] [35] Within the Nurses' Health Study, association between long sleep duration (≥ 9 h) and CRP concentrations were still significant after adjusting for age and BMI risk factors, family history of diabetes, glycemic control, and medication use. 35 Findings from the study by Williams and colleagues 35 suggested 44% higher CRP levels among long sleepers compared with those sleeping 7 h. This study was conducted among women with type II diabetes, a disease that is known to be associated with increased CRP levels, and so our findings build on this existing evidence, but extend to populations with generally good overall health.
Sex differences were reported for sleep duration and CRP among 4,600 adults in the Whitehall Study (P for interaction < 0.05). 32 Contrary to our findings, Miller and colleagues 32 reported a null association between short and long sleep duration and CRP among men in that cohort after adjusting for age, employment status, BMI, smoking, lipid levels, and blood pressure. Among women, long sleep (≥ 9 h) was associated with a 35% increase in CRP levels after adjusting for age, marital status, BMI, smoking, systolic blood pressure, and triglyceride levels. 32 Evidence of a significant association between short sleep and CRP among women was also reported in fully adjusted models. Among the women in the current study, short sleep was significantly associated with CRP in unadjusted models; however, this was attenuated and no longer significant af- ), insomnia diagnosis, sleep apnea diagnosis, difficulty falling asleep, and snorting/gasping during sleep. A significant U shape to the distribution was found for Model 1 and Model 3 for the complete sample and for men, and a U shape was found for Model 1 but not Model 3 in women. Note that the U shape was significant for the complete sample, even if there was no elevation in the shortest sleep duration category. Asterisks (*) represent P < 0.05 difference from 7 h. Error bars = SEM.
ter adjusting for BMI and additional sleep disorders ( Table 2,  Table S3 ), indicating that obesity and sleep disturbance were key drivers of this attenuation. Miller and colleagues 32 did not adjust for insomnia or sleep apnea, and so it is difficult to know how presence of these sleep disorders might affect their results.
It is important to consider measures of sleep quality when assessing the association between sleep duration and CRP. Measures of sleep quality (i.e., characteristics separate from duration), such as sleep continuity disturbances and/or sleep disorders, have been shown to be strong predictors of the metabolic syndrome, a condition strongly correlated with greater CRP levels. 36 With regard to sex differences, it has been suggested that symptoms of sleep disturbances are associated with a greater risk of CVD and high blood pressure in females compared with their male counterparts. 37, 38 Previous findings have also suggested that self-reported sleep disturbance among healthy adults with no history of sleep disorders is associated with increased fibrinogen and inflammatory markers among women but not men. 33 Contrary to our findings, Suarez 33 did not report a significant association between sleep duration and CRP among men, but the small sample size (n = 210) and younger age group (mean age 28 years) may account for these differences between studies. In the current study, the greatest proportion of sleep disorders was observed among those sleeping ≤ 5 h compared with those sleeping 7 h per night among both men and women, and women had a greater proportion of selfreported sleep disturbances compared with men (Tables S1 and  S2) . Among short sleepers, sleep apnea was observed among 10.1% of women and 6.6% of men, and insomnia was observed among 13.2% of women compared with 2.5% of men ( Table 1 ). The effect of sleep comorbidities was stronger in women. When adding sleep disorders as a covariate in the model (Table S3) , the association between sleep duration and CRP was no longer significant among women, but persisted among men. This suggests that among women, sleep disturbances have a greater effect on the relationship between levels of CRP and short or long sleep duration.
A number of previous studies investigating the CRP and sleep relationship have not reported sex-specific results, and so it is difficult to determine whether similar patterns would have been observed. 21, 22 Consistent findings with regard to long sleep were observed among both men and women (n = 614) in the Cleveland Family Study. 21 Results indicated that for every additional hour in sleep duration, CRP levels increased by 8% (P = 0.004) after adjusting for age, sex, race, BMI, waist circumference, and severity of sleep apnea. Contrary to our findings among men, Patel and colleagues 21 reported no evidence of a U-shaped association in a study of 614 individuals; however, this study did not address sex-specific associations. Our results also differ from the Wisconsin Sleep Cohort (n = 907), which reported no association between short or long sleep duration and CRP in adjusted models. 22 Investigators examined self-reported as well as polysomnography-assessed sleep duration, and also evaluated quadratic terms in their analysis. This study also did not report sex-stratified results, however, and these findings are based on a sample of predominantly Caucasian participants. 
A B
The role of reproductive hormones must be considered when evaluating the differences by sex. It has been demonstrated that CRP levels vary across the menstrual cycle phase and are significantly greater during menses (CRP, > 3 mg/L; 12.3% versus 7.4% in other phases; P < 0.001). 39 It is plausible that cycle phase might modify the association between sleep duration and CRP. Because we could not control for this in our statistical analyses, misclassification of the outcome among women may have occurred, resulting in an attenuation of the effect estimate. In addition, it has been demonstrated that CRP levels are higher among women using hormone replacement therapy (compared with nonusers). 40 We did not account for hormone use, and this characteristic could have confounded the associations observed among women.
Differences Among Race/Ethnicity Groups
This study provides evidence of significant differences in patterns of the association between sleep duration and CRP by race/ethnicity group. In the current study, elevated CRP was observed among those individuals sleeping > 9 h for non-Hispanic white and Hispanic/Latino participants, which was significant in fully adjusted models. Among Black/African American participants, our results indicate a significant and strong association between short sleepers (< 5 h) and CRP overall and for men in fully adjusted models. Among the Asian/Other participants, a very strong association was observed among long sleep duration (> 9 h) and elevated CRP, and short sleep duration demonstrated a protective effect on CRP level.
There are very few studies that have examined the association between sleep and CRP by race/ethnicity group. Of these, most are limited in terms of diversity and sample size.
22,14,32
Most large U.S. cohorts investigating sleep apnea and other sleep disturbances have been relatively homogeneous, consisting of mostly Caucasian participants. 41 Because CVD risk factors and the association between obesity and CRP vary by race/ethnicity, 26, 42, 43 it is plausible differences may persist with regard to the association between sleep and CRP.
It has been reported that non-Hispanic African American women and Hispanic/Latino women have elevated CRP levels compared with other race groups. 28 One previous study among women suggested differences in patterns between sleep duration and inflammatory and coagulation markers by race. 10 These findings from the Study in Women's Health Across the Nation (SWAN) Study indicated that African American women with higher levels of CRP had shorter polysomnography-recorded sleep duration in multivariate models.
10 Previous findings from 1999-2000 NHANES suggested higher CRP levels among African American men and women, as well as Hispanic/Latino women compared with Caucasian control men and women.
27
Black/African American men and women have greater rates of CVD mortality compared with other race groups, and improvements in prevention strategies are essential. 44, 45 This study provides evidence of a strong and significant association between short sleep and CRP observed among Black/African Americans compared with other race groups. Improved sleep may be a more important risk factor among this race group, presenting opportunities for future interventions targeted at reducing inflammation and CVD risk.
Previous reports of sleep duration and CVD mortality among Asian populations have indicated that long sleep (> 9 h) with high levels of sleep disturbance predicts the greatest risk of CVD. 46 One study of sleep duration and CRP in Taiwanese adults has suggested that inflammation was significantly associated with long (> 8 h), but not short (< 6 h) sleep duration.
47
These associations were significant when using a high CRP threshold (> 10.0), but not a lower CRP threshold (> 3.0) after adjustment for age, sex, waist circumference, reported health decline, diabetes, arthritis, heart disease, and depression. These findings are consistent with our results; however, it is difficult to compare these findings with those of the current study given that the analysis was limited to three sleep duration categories. It has been previously reported that Asians/Pacific Islanders have the lowest rates of CVD mortality compared with any other race/ethnic groups. Our findings indicate that the protective effect of short sleep on inflammation may contribute to the underlying biologic pathway by which this subpopulation obtains lower rates of CVD mortality. Additional investigations on the protective effect of short sleep and inflammation among individuals of Asian race/ethnicity is warranted.
Limitations
We are limited to a cross-sectional analysis on prevalent subclinical disease and cannot make inferences with regard to causal associations. It is also likely that misclassification exists in our primary exposure variable because self-reported sleep duration has been demonstrated to be only moderately associated with objectively measured sleep (r = 0.47). 48 Further, the NHANES survey limits self-reported sleep duration to integer values, which further limit validity.
We recognize that although our study had sufficient sample size at the extremes of sleep duration to detect the effects observed, the individuals at these extremes represent a small portion of the population. For example, < 10% of the sample reported sleep durations in the shortest and longest categories combined. This suggests that although these relationships likely exist in the population, they are most relevant for only a small subset of the general population. We should also note that this distribution (< 10% extreme categories) is consistent with other cohorts that have reported on sleep duration. For example, the Nurses' Health Study 49 reported 5% short sleepers and 5% long sleepers and the Osteoporotic Fractures in Men (MrOS) Study reported 8% long sleepers.
50
Another issue with the current analyses is that BMI is used as a measure of obesity and associated CVD risk. Although many studies have shown BMI to be a useful measure in this regard, BMI does not account for sex differences in body fat, as well as location of fat distributed in the body, or differences in relationships between adiposity and cardiometabolic disease among ethnoracial groups. Several alternatives to BMI have been proposed, including waist-to-hip ratio and the Index of Body Adiposity ([Hip/Height1.5]-18). 51, 52 These indicators may better approximate body adiposity and associated cardiometabolic disease. For the purposes of these analyses, BMI was chosen because NHANES did not collect hip circumference, precluding the use of either of these alternative approaches.
It should be noted that introducing medical comorbidities as covariates may present the problem of overcontrolling. For example, only variance explained by sleep duration that is not explained by comorbidities would be evaluated statistical sig-nificance in Model 4. However, if short and/or long sleepers are more likely to develop comorbidities, some of the variance explained by those comorbidities may actually be variance explained by the short/long sleep duration that contributed to the presence of those conditions (i.e., rather than being confounders, these variables may be on the causal pathway as mediators/ moderators). Because of this, Model 4 results should be interpreted with appropriate caution and may be underrepresenting the effect of sleep duration on CRP levels.
For the women in this study, we did not evaluate phase of menstrual cycle or hormone-replacement therapy, which might have influenced results. Finally, given that this is an observational study, it is likely that residual confounding exists. However, this would likely attenuate the association between sleep duration and CRP toward the null, and so our findings likely represent an underestimation of the true association.
Strengths
The large sample size of this study represents a key strength, as previous smaller studies have not been powered to adequately assess these associations by sex and ethnoracial group. CRP represents a good biomarker of inflammation and has been shown to be a predictor of subsequent CVD beyond traditional risk factors.
24 CRP has been linked to increased myocardial infarction, stroke, CVD mortality, and coronary revascularization procedures.
53-61
A number of chronic conditions are known to increase biomarkers of inflammation and be associated with sleep disturbances, such as chronic pain, rheumatoid arthritis, cancer, chronic kidney disease, Crohn's disease, and acute infections. [62] [63] [64] [65] [66] [67] [68] [69] Unlike previous studies, we accounted for this potential confounding by comorbidities by adjusting for a number of conditions, including diabetes, hypertension, hypercholesterolemia, common cold, influenza, gastrointestinal disease, kidney disease, rheumatoid arthritis, heart failure, coronary artery disease, and cancer.
Existing studies linking short and long sleep duration with inflammation and coagulation have been somewhat inconsistent, particularly with regard to sex and race. 13, 14, 22, 70, 71 Our study provides novel insight regarding these relationships by using a robust dataset, and findings suggest that putative mechanisms linking sleep quality and quantity to inflammation differ by sex and race/ethnicity. These results corroborate previous findings that long sleep is significantly associated with increased inflammation and also suggest that a nonlinear, U-shaped (or J-shaped) pattern for this association persisted among men, which is contrary to previously reported null results. 21, 22, 32, 33 Future studies are needed to replicate these findings, and to examine this association using objective measures of sleep duration.
CONCLUSION
In a nationally representative sample of U.S. adults, a Ushaped (or J-shaped) relationship between CRP and sleep duration was demonstrated, such that those with very short or very long sleep duration were more likely to show elevated CRP. In addition, this pattern was only partially explained by sleep disorders and other medical comorbidities. Further, significant sleep*sex and sleep*race/ethnicity interactions demonstrated that this pattern differs among men and women and among race/ethnicity groups. Thus, the role of sleep duration in proinflammatory processes, as marked by CRP levels, is complex, but the current data suggest that extremes of sleep duration increase pro-inflammatory risk.
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